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Abstract: We investigate the mass spectrum of the sss¯s¯ tetraquark states within the relativized quark model.
By solving the Schro¨dinger-like equation with the relativized potential, the masses of the S− and P−wave sss¯s¯
tetraquarks are obtained. The screening effects are also taken into account. It is found that the observed resonant
structure X(2239) in the e+e−→K+K− process by BESIII Collaboration can be assigned as a P−wave 1−− sss¯s¯
tetraquark state. Furthermore, the radiative transition and strong decay behaviors of this structure are also estimated,
which can provide helpful information for future experimental searches.
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1 Introduction
Recently, the BESIII Collaboration analyzed the
cross section of the e+e− → K+K− process at center-
of-mass energies varying from 2.00 to 3.08 GeV. A res-
onant structure was observed in the line shape, which
has a mass of 2239.2± 7.1± 11.3 MeV and a width of
139.8±12.3±20.6MeV [1]. Given its production process,
the quantum number of this resonant structure can be
assigned as JPC =1−−.
From the Review of Particle Physics, there exist four
JPC = 1−− observed states around 2.2 GeV, such as
φ(2170), ρ(2150), ω(2205) and ρ(2270) [2]. The φ(2170)
state with IG(JPC) = 0−(1−−), labeled previously as
Y (2175), has been investigated within many theoretical
interpretations, which include conventional ss¯ state [3–
7], hybrid state [3, 8], tetraquark state [9–14], ΛΛ¯(3S1)
bound state or hexaquark state [15–19], and φKK¯ reso-
nance state [20, 21]. The ρ(2150), ω(2205) and ρ(2270)
are also studied as conventional radial or orbital excited
mesons in the consistent quark model [22–24]. As men-
tioned by BESIII Collaboration, the newly observed res-
onant structure, denoted as X(2239) in present work,
differs from the masses and widths of the φ(2170) and
ρ(2150), which seems to be a new resonance [1]. The
ω(2205) and ρ(2270) listed in the further states are both
broad states, which can not be the same structure as this
newly observed one [2].
In the conventional quark model, several highly ex-
cited 1−− ρ, ω, and φ states are predicted in this energy
region, and their strong decay behaviors have been in-
vestigated in the quark pair creation model. Due to the
large phase space, the predicted total decay widths of
these states are rather broad, which suggests that the
newly observed state with about 140 MeV width may
not be a conventional excited meson. More exotic inter-
pretations, such as the sss¯s¯ tetraquark state, are needed
to be considered to clarify its nature. In the literature,
the P−wave sss¯s¯ system was mostly investigated by the
QCD sum rule method [9–12, 25] or the simple quark
models [13, 14], and their results are inconsistent with
each other. Hence, it is essential to study this system in
a more realistic potential model.
In this work, we firstly employ a relativized quark
model to estimate the masses of sss¯s¯ tetraquark states.
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The relativized quark model, proposed by Godfrey, Cap-
stick, and Isgur, has been widely used to study the prop-
erties of the conventional hadrons and gives a unified de-
scription of the traditional hadron spectra [26–36]. Also,
it has been extended to investigate various tetraquark
systems, such as QqQ¯q¯, Qqq¯q¯ and so on [37–39]. More-
over, the relativistic effects are involved in this model,
which may be essential for the up, down and strange
quarks. Therefore, it is suitable to deal with the sss¯s¯
tetraquark states, where strange quarks and antiquarks
are included. To calculate the tetraquark masses, we
restrict our works in the diquark-antidiquark picture,
which has been extensively discussed and employed in
the literature [37–51]. We first calculate the masses
and wave functions of the axial-vector and vector ss di-
quarks, and then obtain the mass spectra and diquark-
antidiquark wave functions by solving the Schro¨dinger-
type equation between the diquark and antidiquark.
The total wave functions can be expressed as the mul-
tiplication of the diquark, antidiquark, and diquark-
antidiquark wave functions. The predicted mass of the
lowest 1−− sss¯s¯ tetraquark is 2227 MeV, which is consis-
tent with the experimental data 2239.2±7.1±11.3 MeV
by BESIII Collaboration. It suggests that the newly ob-
served resonant structureX(2239) can be assigned as the
lowest JPC = 1−− sss¯s¯ tetraquark state. Then, using
the wave functions obtained from the relativized quark
model and the electromagnetic transition operator, we
estimate the radiative decays of the sss¯s¯ tetraquarks. It
is found that the radiative decay width for the lowest 1−−
sss¯s¯ tetraquark state is 27 keV, which is significant. Fur-
thermore, the strong decay behaviors are also discussed,
and the ratios of the dominating channels are estimated.
The information on radiative and strong decays may be
useful for future experimental searches.
This paper is organized as follows. In Sec. 2, the
relativized quark model is briefly introduced, and the
masses of sss¯s¯ tetraquark states are calculated. In Sec.
3, the radiative transitions and strong decays of sss¯s¯
tetraquark states are numerically estimated. Finally, we
give a short summary in the last section.
2 Mass spectrum
The Hamiltonian between the quark and antiquark
in the relativized quark model can be expressed as
H˜ =H0+ V˜ (p,r), (1)
with
H0=(p
2+m2i )
1/2+(p2+m2j)
1/2, (2)
V˜ (p,r)= H˜confij +H˜
cont
ij +H˜
ten
ij +H˜
so
ij , (3)
where the H˜confij includes the spin-independent linear
confinement and Coulomb-like interaction, the H˜contij ,
H˜tenij , and H˜
so
ij are the color contact term, the color tensor
interaction, and the spin-orbit term, respectively. The H˜
represents that the operator H has taken account of the
relativistic effects via the relativized procedure. The ex-
plicit forms of these interactions and the details of this
relativization scheme can be found in Ref. [26, 27]. In the
original GI model, the coupled channel or screening ef-
fects are ignored, which may influence on the properties
of the excited mesons and tetraquarks [33, 37, 52–55].
The modified procedure br→ b(1− e−µr)/µ with a new
screening parameter µ performs a better description of
meson and tetraquark spectra, especially for the strange
quark systems [33, 37]. Hence, we take the screening
effects into account for completeness.
In present work, only the antitriplet diquark [3¯c]ss
are considered, while the [6c]ss type diquarks can not
be formed in the GI quark model. For the quark-quark
interaction in the antitriplet diquark and triplet an-
tidiquark systems, the relation V˜ss(p,r) = V˜s¯s¯(p,r) =
V˜ss¯(p,r)/2 is employed. The parameters used in our
calculations are the same as the ones in the original
work [26]. The structures of the sss¯s¯ tetraquarks are il-
lustrated in Fig. 1. The interaction between diquark and
antidiquark V˜ss−s¯s¯(p,r) equals to the quark-antiquark
interaction V˜ss¯(p,r). The ground ss diquark lies in
S−wave, and has the spin-parity JP = 1+ named as
axial-vector diquark. For the excited ones, we only con-
sider the P−wave ss diquark with spin-parity JP = 1−,
which is denoted as vector diquark.
s s
s s
Diquark Anti-diquark
Fig. 1. The sss¯s¯ tetraquark states with Jacobi co-
ordinates.
It should be mentioned that a constituent diquark
naturally has a size as well as a constituent quark,
though they are treated as point-like in the potential for-
mula [47]. The constituent quark model works whether
the constituent quark or diquark is sizable or not. The
comparison between diquark picture and full few-body
calculation can be found in Ref. [48, 49]. Certainly,
trying to investigate the P−wave tetraquarks with four-
body calculation in relativized quark model is more in-
teresting, convincing and complicated.
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Here, we use the Gaussian expansion method to solve
the Hamiltonian (1) with V˜ss(p,r) potential [56]. The
obtained masses of the axial-vector and vector ss di-
quarks are presented in Table. 1. Since the µ=0.02 GeV
case can give a rather better description of the strange
quark systems [33, 37], we would like to use the diquark
masses at this value to calculate the masses and wave
functions of sss¯s¯ tetraquarks.
Table 1. Obtained masses of the axial-vector and vector ss diquarks. A and V denote the axial-vector and vector
diquarks, respectively. The brace corresponds to symmetric quark content in flavor. The units are in MeV.
Quark content Diquark type Mass (GI model) Mass (µ=0.02 GeV) Mass (µ=0.04 GeV)
{s,s} A 1.135 1.121 1.108
{s,s} V 1.424 1.396 1.369
With the diquarks listed in Table. 1, one can calculate
the masses of the sss¯s¯ tetraquarks and the wave func-
tions between diquarks and anti-diquarks. Then, the to-
tal wave function of the sss¯s¯ tetraquark can be expressed
as the multiplication of the diquark, anti-diquark and
relative wave functions. The masses of sss¯s¯ tetraquark
states composed of the A and V diquarks and antidi-
quarks are presented in Tab. 2 and Fig. 2. The predicted
mass of the lowest 0++ state is 1716 MeV, which is con-
sistent with the f0(1710) state. For the 1
+− sss¯s¯ state,
only h1(1965) state listed in the PDG book lies in this
energy region [2]. Since the h1(1965) was observed in
ωη and ωpipi final states, which disfavors its assignment
as 1+− sss¯s¯ tetraquark. In Ref. [12, 25], the authors
suggest that the new structure X(2063) observed in the
J/ψ→ φηη′ by BESIII Collaboration [57] is a 1+− sss¯s¯
tetraquark candidate within the QCD sum rule method.
However, our calculated mass is 100 MeV lower than the
experimental mass, which does not support this interpre-
tation. Considering the mass, spin parity, and φφ decay
mode of the f2(2300), we may assign it as a 2
++ sss¯s¯
tetraquark state.
Table 2. Masses of the sss¯s¯ tetraquark states composed of the A and V diquarks and antidiquarks. For the V
diquark and A antidiquark case, the linear combinations together with V diquark and A antidiquark are understood
to form the eigenstates of charge conjugation [37, 51]. The units are in MeV.
JPC Diquark Anti-diquark S L Mass Candidate
|0++〉 A A¯ 0 0 1716 f0(1710)
|1+−〉 A A¯ 1 0 1960
|2++〉 A A¯ 2 0 2255 f2(2300)
|0−±〉 V A¯ 0 0 2004
|1−±〉 V A¯ 1 0 2227 X(2239)
|2−±〉 V A¯ 2 0 2497
|0−+〉 A A¯ 1 1 2450 X(2500)
|1−+〉 A A¯ 1 1 2581
|1−−〉 A A¯ 0 1 2574
|1−−〉 A A¯ 2 1 2468
|2−+〉 A A¯ 1 1 2619
|2−−〉 A A¯ 2 1 2622
|3−−〉 A A¯ 2 1 2660
For the P−wave sss¯s¯ tetraquarks, we predict three
1−− states. The lowest one has the internal excitation
in the diquark or antidiquark, while the others have the
relative excitations between diquarks and antidiquarks.
The three 1−− states together with other theoretical
works are listed in Tab. 3 for comparisons. It can be seen
that our quark model classification is significantly differ-
ent with the QCD sum rule works [9–11, 25], and the
authors did not consider the internal excitation of the di-
quark or anti-diquark within the simple quark model [13].
The predicted lowest one has a mass of 2227 MeV, which
agrees well with the X(2239) observed by BESIII Col-
laboration [1]. The experimental mass of the φ(2170) is
about 50 MeV lower than our calculation, which can not
be excluded as the sss¯s¯ tetraquarks. The evidences of
these other two higher 1−− states may have been obsev-
ered in the previous experiments [4, 11, 58–60], or are
waiting to be discovered in future searches.
Furthermore, we predict several higher sss¯s¯
tetraquarks around 2.5 GeV. For the higher 0−+
state, there exists a candidate X(2500) with mass of
2470+15+101−19−23 MeV observed in the J/ψ → γφφ process
by BESIII Collaboration [61]. In the conventional quark
model, the X(2500) was assigned as the φ(51S0) state
3
Chinese Physics C Vol. xx, No. x (2020) xxxxxx
given its mass and total width [62, 63] , but with a tiny
φφ partial decay width. The sss¯s¯ tetraquark interpre-
tation of the X(2500) may avoid this defect due to its
falling apart mechanism into the φφ final state. Other
predictions can provide helpful information for future
experimental searches.
Table 3. The predicted three 1−− sss¯s¯ tetraquarks states together with other theoretical works. The units are in MeV.
JPC Ours SQM [13] QCDSR [9] QCDSR [10] QCDSR [11] QSR [25]
1−− 2227 2210±90 2300±400 2340±170 3080±110
1−− 2468 2243 2410±250
1−− 2574 2333
1716
1960
2255
2004 2004
2227 2227
2497 24972450
2581
2468
2574
2619 2622
2660
f0H1710L
f2H2300L
XH2239L
XH2500L
0++ 1+- 2++ 0-+ 0-- 1-+ 1-- 2-+ 2-- 3-- PDG BESIII
1600
1800
2000
2200
2400
2600
2800
M
as
sH
M
eV
L
Fig. 2. Masses of the sss¯s¯ tetraquark states.
3 Decays
3.1 Radiative transitions
Besides the mass spectrum, the decay behaviors are
also needed to clarify these tetraquark states in future
experiments. We firstly calculate the radiative transi-
tions and then estimate the relevant ratios of the domi-
nating strong decay modes. To treat the radiative tran-
sitions between these sss¯s¯ tetraquarks, one can adopt
an EM transition operator which has been successfully
applied to study the radiative decays of quarkonium and
baryons [64–66]. In this model, the quark-photon EM
coupling at the tree level is taken as
He=−
∑
j
ejψ¯jγ
j
µA
µ(k,rj)ψj , (4)
where ψj stands for the jth quark field with coordinate rj
and Aµ is the photon field with three-momentum k. To
match the wave functions obtained by the Schro¨dinger-
like equation, we adopt this quark-photon EM coupling
in a nonrelativistic form. In the initial-hadron-rest sys-
tem, the approximate form can be written as [64–72]
he∼=
∑
j
[
ejrj ·ǫ−
ej
2mj
σj ·(ǫ× kˆ)
]
e−ik·rj , (5)
where ej, mj , and σj stand for the charge, consistent
mass, Pauli spin vector for the jth quark, respectively.
The ǫ is the polarization vector of the final photon.
One can obtain the helicity amplitude A of the ra-
diative transition [64, 65]
A=−i
√
ωγ
2
〈f |he|i〉. (6)
Then, we can estimate the radiative transitions straight-
forward [64, 65]
Γ=
|k|2
pi
2
2Ji+1
Mf
Mi
∑
Jfz,Jiz
|A|2, (7)
where Ji is the total angular momentum of the initial
tetraquarks, and Jfz and Jfi are the components of the
total angular momenta along the z axis of the initial
and final tetraquarks, respectively. In present work, the
masses and wave functions of the sss¯s¯ tetraquarks are
adopted from our theoretical predictions.
The radiative transitions of the sss¯s¯ tetraquarks are
estimated and listed in Tab. 4. Here, we eliminate the
notation AA of the three ground states without causing
misunderstanding. The predicted radiative transitions of
the three ground states 0++, 1+−, and 2++ are
Γ[|1+−〉→ |0++〉γ] = 157 keV, (8)
Γ[|2++〉→ |1+−〉γ] = 175 keV, (9)
respectively, which are significant large. As we assign the
f0(1710) and f2(2300) as the 0
++ and 2++ states respec-
tively, the rather large radiative decay rates are useful
to search for the missing 1+− sss¯s¯ tetraquark. Since
the 0++ state has large branching ratios of KK¯ and ηη,
more studies of the sss¯s¯(1+−) → sss¯s¯(0++)γ → KK¯γ
and sss¯s¯(1+−)→ sss¯s¯(0++)γ→ ηηγ decay processes are
suggested in future experiments.
For the transitions between V A¯ type and ground
states, the partial radiative decay widths range from 1
eV to tens keV. The |V A¯,1−−〉→ |0++〉γ process is 26.6
keV, which shows that the newly observedX(2239) state
has a significant radiative decay width. The other two
1−− states with relative excitations between diquarks
4
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and anti-diquarks can decay into 0++ and 2++ ground
states, respectively,
Γ[|AA¯,1−−〉S=0→|0
++〉γ] = 1137 keV, (10)
Γ[|AA¯,1−−〉S=2→|2
++〉γ] = 119 keV, (11)
where the ten times divergence of the partial widths de-
rives from the different phase spaces. The radiative decay
of the S=0 state to 2++ final state is highly suppressed,
and also for the S=2 state to 0++ final state. These pre-
dictions may be helpful for searching and distinguishing
the two higher 1−− sss¯s¯ tetraquark states. About these
radiative transitions of the excited sss¯s¯ tetraquarks, few
discussions are found in the literature, thus, more theo-
retical and experimental studies are expected to be car-
ried out in future.
Table 4. Radiative Transitions.
Decay mode Mi(MeV) Mf (MeV) Width(keV)
|1+−〉→ |0++〉γ 1960 1716 157
|2++〉→ |1+−〉γ 2255 1960 175
|V A¯,0−+〉→ |1+−〉γ 2004 1960 0.001
|V A¯,1−−〉→ |0++〉γ 2227 1716 26.6
|V A¯,1−+〉→ |1+−〉γ 2227 1960 3.1
|V A¯,2−−〉→ |0++〉γ 2497 1716 49.4
|V A¯,2−−〉→ |2++〉γ 2497 2255 4.6
|V A¯,2−+〉→ |1+−〉γ 2497 1960 65.4
|AA¯,0−+〉→ |1+−〉γ 2450 1960 1345
|AA¯,1−+〉→ |1+−〉γ 2581 1960 1444
|AA¯,1−−〉S=0→|0
++〉γ 2574 1716 1137
|AA¯,1−−〉S=0→|2
++〉γ 2574 2255 0.0
|AA¯,1−−〉S=2→|0
++〉γ 2468 1716 0.0
|AA¯,1−−〉S=2→|2
++〉γ 2468 2255 119
|AA¯,2−+〉→ |1+−〉γ 2619 1960 954
|AA¯,2−−〉→ |2++〉γ 2622 2255 809
|AA¯,3−−〉→ |2++〉γ 2660 2255 606
3.2 Strong decays
The strong decays can occur if the tetraquarks lie
above the meson-meson or baryon-antibaryon threshold
via falling apart mechanism. With the assignments of
the Y (2175) as the sss¯s¯ tetraquark state, the authors
estimate the ratios of the dominating decay modes by
using this mechanism [13, 14]. In present work, three
JPC =1−− sss¯s¯ tetraquarks are predicted, and the ratios
of some significant decay channels are studied as follows.
Apparently, the S−wave decay channels between the
two final states are more favored than the P−wave chan-
nels. Also, the final states with strangeonium seem to
be easier than the two kaon states where the initial
two strange quarks should annihilate and two up/down
quarks create simultaneously. For the baryon-antibaryon
final states ΛΛ¯ and ΣΣ¯, more quark pairs should annihi-
late and create. Also, these processes are limited by the
phase space, which are not considered in present work.
For the S−wave channels with strangeonium, three
possible combinations of final states exist: 1−− and 0++,
1+− and 0−+, and 1++ and 1−−. Then, seven resonances
with the ss¯ component, η, η′, ω, φ, f0(980), h1(1380),
and f1(1420), should be considered. Because of the large
mass of f1(1420), the 1
++ and 1−− combinations are
forbidden or highly limited by the phase space, which
are neglected here. Finally, the possible S−wave decay
channels with strangeonium are ηh1(1380), η
′h1(1380),
f0(980)ω, and f0(980)φ, where the nonet mixing angles
θP = −11.3
◦ and θV = 39.2
◦ are adopted to determine
the ss¯ components in relevant mesons [2]. Following the
route of Refs. [13, 14], our results are listed in Tab. 5.
It is shown that the f0(980)φ is the dominating decay
mode, and the contribution of ηh1(1380) is significant.
Meanwhile, the η′h1(1380) may be also important for
the two higher states, while the ratios of the f0(980)ω
channel are rather small.
Table 5. The ratios of strong decay channels of the predicted three 1−− sss¯s¯ tetraquarks states. The short dash
denotes the forbidden channel due to the phase space.
JPCMass(MeV) Γ(ηh1) : Γ(η′h1) : Γ(f0(980)ω) : Γ(f0(980)φ) Γ(ηω) : Γ(η′ω) : Γ(ηφ) : Γ(η′φ) Γ(KK1(1270)) : Γ(KK1(1400))
1−− 2227 0.48 : −− : 0.01 : 1 0.01 : 0.01 : 1.35 : 1 1.19 : 1
1−− 2468 0.69 : 0.37 : 0.01 : 1 0.01 : 0.01 : 1.64 : 1 1.54 : 1
1−− 2574 0.78 : 0.54 : 0.01 : 1 0.01 : 0.01 : 1.76 : 1 1.68 : 1
Although the P−wave decay channels with strangeo-
nium should contribute smaller than the S−wave modes,
we also estimate the ratios of them. From Tab. 5, it can
be seen that the ηφ and η′φ final states may have signif-
icant contributions, while the ηω and η′ω channels can
be neglected.
For the S−wave channels with kaon states, only the
1+ plus 0− channels KK1(1270) and KK1(1400) may
play significant roles. The 1− plus 0+ and 1+ plus 1−
combinations are forbidden or highly suppressed by the
phase space. Our results show that the KK1(1270) and
KK1(1400) channels have the comparable decay widths
for these tetraquark states.
To sum up, the dominating channels of three 1−−
tetraquark states are f0(980)φ and ηh1(1380), and the
ηφ and η′φ modes may be also important. For the kaon
5
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final states, both KK1(1270) and KK1(1400) channels
are important. We hope that the future experiments can
search for the 1−− sss¯s¯ tetraquark states in these chan-
nels.
4 Summary
In this work, we investigate the masses of sss¯s¯
tetraquark states within the relativized quark model
proposed by Godfrey and Isgur. Here, only the an-
titriplet diquark [3¯c]cs is considered. The masses of
sss¯s¯ tetraquark states are obtained by solving the
Schro¨dinger-like equation between diquark and antidi-
quark. The color screening effects are also added in
present calculations. It is found that the newly ob-
served resonant structure X(2239) in the e+e−→K+K−
process by BESIII Collaboration can be assigned as a
P−wave 1−− sss¯s¯ tetraquark state.
Besides the mass spectrum, the wave functions
of the sss¯s¯ tetraquark states are obtained simultane-
ously. Then, the radiative transitions between these
tetraquarks and the ratios of the strong decay channels
are estimated. The lowest P−wave 1−− sss¯s¯ tetraquark
state radiate to the ground state is 27 keV, and the
mainly strong decay modes are f0(980)φ and ηh1(1380)
final states. Moreover, other sss¯s¯ tetraquark candidates
f0(1710), f2(2300), and X(2500) are also discussed here.
We hope our assignments can be tested by future exper-
iments.
We would like to thank Wen-Biao Yan, Xian-Hui
Zhong and Dian-Yong Chen for valuable discussions.
References
1 M. Ablikim et al. [BESIII Collaboration], Phys. Rev. D 99,
032001 (2019).
2 M. Tanabashi et al. [Particle Data Group], Phys. Rev. D 98,
030001 (2018).
3 G. J. Ding and M. L. Yan, Phys. Lett. B 657, 49 (2007).
4 C. P. Shen et al. (Belle Collaboration), 5Observation of the
φ(1680) and the Y (2175) in e+e→φpi+pi−, Phys. Rev. D 80,
031101 (2009).
5 X. Wang, Z. F. Sun, D. Y. Chen, X. Liu and T. Matsuki, Phys.
Rev. D 85, 074024 (2012).
6 S. S. Afonin and I. V. Pusenkov, Phys. Rev. D 90, 094020
(2014).
7 C. Q. Pang, Phys. Rev. D 99, 074015 (2019).
8 G. J. Ding and M. L. Yan, Phys. Lett. B 650, 390 (2007).
9 Z. G. Wang, Nucl. Phys. A 791, 106 (2007).
10 H. X. Chen, X. Liu, A. Hosaka and S. L. Zhu, Phys. Rev. D
78, 034012 (2008).
11 H. X. Chen, C. P. Shen and S. L. Zhu, Phys. Rev. D 98, 014011
(2018).
12 E. L. Cui, H. M. Yang, H. X. Chen, W. Chen and C. P. Shen,
Eur. Phys. J. C 79, 232 (2019).
13 N. V. Drenska, R. Faccini and A. D. Polosa, Phys. Lett. B 669,
160 (2008).
14 H. W. Ke and X. Q. Li, Phys. Rev. D 99, 036014 (2019).
15 C. Deng, J. Ping, Y. Yang and F. Wang, Phys. Rev. D 88,
074007 (2013).
16 L. Zhao, N. Li, S. L. Zhu and B. S. Zou, Phys. Rev. D 87,
054034 (2013).
17 Y. B. Dong, A. Faessler, T. Gutsche, Q. F. Lu¨ and
V. E. Lyubovitskij, Phys. Rev. D 96, 074027 (2017).
18 M. Abud, F. Buccella and F. Tramontano, Phys. Rev. D 81,
074018 (2010).
19 X. Cao, J. P. Dai and Y. P. Xie, Phys. Rev. D 98, 094006
(2018).
20 A. Martinez Torres, K. P. Khemchandani, L. S. Geng, M. Nap-
suciale and E. Oset, Phys. Rev. D 78, 074031 (2008).
21 S. Gomez-Avila, M. Napsuciale and E. Oset, Phys. Rev. D 79,
034018 (2009).
22 D. Ebert, R. N. Faustov and V. O. Galkin, Phys. Rev. D 79,
114029 (2009).
23 L. P. He, X. Wang and X. Liu, Phys. Rev. D 88, 034008 (2013).
24 X. Chen and J. Ping, Phys. Rev. D 95, 114014 (2017).
25 Z. G. Wang, Light tetraquark state candidates,
arXiv:1901.04815.
26 S. Godfrey and N. Isgur, Phys. Rev. D 32, 189 (1985).
27 S. Capstick and N. Isgur, Phys. Rev. D 34, 2809 (1986).
28 S. Godfrey and J. Napolitano, Rev. Mod. Phys. 71, 1411
(1999).
29 J. Ferretti, G. Galata` and E. Santopinto, Phys. Rev. C 88,
015207 (2013).
30 J. Ferretti and E. Santopinto, Phys. Rev. D 90, 094022 (2014).
31 S. Godfrey and K. Moats, Phys. Rev. D 93, 034035 (2016).
32 Q. F. Lu¨ and D. M. Li, Phys. Rev. D 90, 054024 (2014).
33 Q. T. Song, D. Y. Chen, X. Liu and T. Matsuki, Phys. Rev. D
91, 054031 (2015).
34 Q. T. Song, D. Y. Chen, X. Liu and T. Matsuki, Phys. Rev. D
92, 074011 (2015).
35 S. Godfrey and K. Moats, Phys. Rev. D 90, 117501 (2014).
36 S. Godfrey and K. Moats, Phys. Rev. D 92, 054034 (2015).
37 Q. F. Lu¨ and Y. B. Dong, Phys. Rev. D 94, 074007 (2016).
38 Q. F. Lu¨ and Y. B. Dong, Phys. Rev. D 94,094041 (2016).
39 M. N. Anwar, J. Ferretti and E. Santopinto, Phys. Rev. D 98,
094015 (2018).
40 Q. F. Lu¨, K. L. Wang, L. Y. Xiao and X. H. Zhong, Phys. Rev.
D 96, 114006 (2017).
41 D. Ebert, R. N. Faustov and V. O. Galkin, Phys. Lett. B 634,
214 (2006).
42 D. Ebert, R. N. Faustov and V. O. Galkin, Eur. Phys. J. C 58,
399 (2008).
43 D. Ebert, R. N. Faustov and V. O. Galkin, Eur. Phys. J. C 60,
273 (2009).
44 M. R. Hadizadeh and A. Khaledi-Nasab, Phys. Lett. B 753, 8
(2016).
45 L. Maiani, F. Piccinini, A. D. Polosa and V. Riquer, Phys. Rev.
D 71, 014028 (2005).
46 S. J. Brodsky, D. S. Hwang and R. F. Lebed, Phys. Rev. Lett.
113, 112001 (2014).
47 M. Anselmino, E. Predazzi, S. Ekelin, S. Fredriksson and
D. B. Lichtenberg, Rev. Mod. Phys. 65, 1199 (1993).
48 V. V. Kiselev, A. V. Berezhnoy and A. K. Likhoded, Phys.
Atom. Nucl. 81, 369 (2018) [Yad. Fiz. 81, 356 (2018)].
49 J. M. Richard, A. Valcarce and J. Vijande, Phys. Rev. C 97,
035211 (2018).
50 R. F. Lebed, Phys. Lett. B 749, 454 (2015).
51 R. F. Lebed and A. D. Polosa, Phys. Rev. D 93, 094024 (2016).
52 Y. B. Dong, Y. W. Yu, Z. Y. Zhang and P. N. Shen, Phys. Rev.
6
Chinese Physics C Vol. xx, No. x (2020) xxxxxx
D 49, 1642 (1994).
53 Y. B. Ding, K. T. Chao and D. H. Qin, Phys. Rev. D 51, 5064
(1995).
54 C. Q. Pang, J. Z. Wang, X. Liu and T. Matsuki, Eur. Phys. J.
C 77, 861 (2017).
55 C. Q. Pang, Y. R. Wang and C. H. Wang, Phys. Rev. D 99,
014022 (2019).
56 E. Hiyama, Y. Kino and M. Kamimura, Prog. Part. Nucl. Phys.
51, 223 (2003).
57 M. Ablikim et al. [BESIII Collaboration], arXiv:1901.00085.
58 B. Aubert et al. [BaBar Collaboration], Phys. Rev. D 76,
012008 (2007).
59 M. Ablikim et al. [BES Collaboration], Phys. Rev. Lett. 100,
102003 (2008).
60 M. Ablikim et al. [BESIII Collaboration], Phys. Rev. D 91,
052017 (2015).
61 M. Ablikim et al. [BESIII Collaboration], Phys. Rev. D 93,
112011 (2016).
62 T. T. Pan, Q. F. Lu¨, E. Wang and D. M. Li, Phys. Rev. D 94,
054030 (2016).
63 L. M. Wang, S. Q. Luo, Z. F. Sun and X. Liu, Phys. Rev. D
96, 034013 (2017).
64 W. J. Deng, H. Liu, L. C. Gui and X. H. Zhong, Phys. Rev. D
95, 034026 (2017).
65 W. J. Deng, H. Liu, L. C. Gui and X. H. Zhong, Phys. Rev. D
95, 074002 (2017).
66 K. L. Wang, L. Y. Xiao, X. H. Zhong and Q. Zhao, Phys. Rev.
D 95, 116010 (2017).
67 S. J. Brodsky and J. R. Primack, Annals Phys. (N.Y.) 52, 315
(1969).
68 Z. P. Li, H. X. Ye and M. H. Lu, Phys. Rev. C 56, 1099 (1997).
69 Q. Zhao, J. S. Al-Khalili, Z. P. Li and R. L. Workman, Phys.
Rev. C 65, 065204 (2002).
70 L. Y. Xiao, X. Cao and X. H. Zhong, Phys. Rev. C 92, 035202
(2015).
71 X. H. Zhong and Q. Zhao, Phys. Rev. C 84, 045207 (2011).
72 X. H. Zhong and Q. Zhao, Phys. Rev. C 84, 065204 (2011).
7
